Our study aimed to characterize the influence of changes of extracellular osmolarity on renin secretion from the whole kidney. For this purpose the osmolarity of the perfusion medium of isolated rat or mouse kidneys was either decreased by lowering the NaCl-concentration by 20% or was increased up to 133% by the addition of various salts or sugars. It turned out that changes of osmolarity led to instantaneous transient changes followed by a plateau of renin secretion, in the way that increases of osmolarity stimulated renin secretion, whilst decreases attenuated renin secretion. The peak amplitude of changes of renin secretion was related to steady state renin secretion rates prior to the osmotic challenge but was independent on the maneuver used to modulate steady state renin secretion. Osmolarity induced changes of renin secretion were more related to relative rather than to absolute changes of osmolarity and were not dependent on the formation of nitric oxide or of prostanoids and did not require Na-K-2Cl cotransport function or swelling activated chloride channels. Moreover, we obtained evidence, that the pool of renin secretion excitable by hyperosmolarity is exhaustible and that its complete refilling takes at least two minutes.
Introduction
Renin secreting juxtaglomerular epithelioid (JGE) cells have been described to behave as sensitive osmometers with small changes of osmolality eliciting rather prominent changes of renin secretion (3) . Extensive studies with kidney slices, superfused isolated glomeruli (3, (5) (6) (7) , isolated afferent arterioles (26) and cultured juxtaglomerular cells (4, 17) or chorionic cells (2) have shown that renin secretion changes inversely with the extracellular osmolarity.
Since similar data were obtained with permeabilized glomeruli (6) it was assumed that osmolarity modulates renin secretion through direct effects on the secretory vesicles rather than through changes of the cell volume, in the way that hypoosmolarity favors renin secretion whilst hyperosmolarity inhibits renin secretion (6, 21 ).
This conclusion is in good accordance with a series of other studies reporting an inhibitory effect of osmolarity on secretion from a number of endo-and exocrine cells even if the cells are permeabilized (24). Paradoxically, calcium which normally triggers the exocytosis in the majority of endocrine cells attenuates secretion evoked by hypoosmolarity (24). The same holds true for the renin secreting juxtaglomerular cells, in which calcium is a physiological inhibitor of secretion (18) . Thus, removal of calcium further increases the stimulation of renin secretion by hypoosmolarity (7) . Notably however, the regulatory effect of calcium but not of osmolarity is lost in permeabilized cells (6, 7) .
The underlying mechanisms for the inverse relationship between renin secretion and osmolarity in renin secreting cells and other secretory cells are still subject to discussion.
It should be noted in this context that the findings mentioned before were mainly obtained with isolated non perfused preparations (3, (5) (6) (7) . A very recent study on isolated perfused juxtaglomerular apparatusses reports that hyperosmolarity induced by sugars stimulates rather than inhibits the exocytosis of renin vesicles (25) . Information on the effect of osmolarity on secretion from whole kidneys is rare. Almost 30 years ago it was reported that acute increases of osmolarity in the renal artery increases renal blood flow and renin secretion in anaesthetized dogs (28, 29) . Another investigation reported that in intact rats moderate increases of the NaCl concentration in the renal artery do not change renin secretion (9) in spite of the expected activation of the macula densa mechanism, which should inhibit renin secretion, suggesting that hyperosmolar NaCl might also exert a direct stimulatory effect on renin secretion.
In view of this rather unclear effect of osmolarity in the understanding of renin secretion at the organ level, we were therefore interested to investigate the effect of changes of osmolarity on renin secretion from isolated perfused rat and mouse kidneys, in which all physiological relevant regulations of renin secretion are still preserved. Much to our surprise already our first experiments revealed a highly reproducible stimulatory effect of osmolarity on renin secretion, quite in contrast to what is known from experiments with isolated glomeruli or cells. In the following we therefore studied the effects of osmolarity changes on renin secretion from whole kidneys in more detail.
The sum of our findings leads to the assumption of different pools of renin secretory vesicles, which are regulated by cAMP and by calcium dependent pathways.
Isolated perfused kidney:
All experiments were performed using isolated perfused kidneys of rats, with the exception of the experiments shown in figure 1 (lower), that were done using isolated perfused kidneys of mice in order to exclude a species specific effect of osmolarity on renin secretion.
The isolated perfused rat kidney was done as previously described using a modified KrebsHenseleit solution supplemented with bovine serum albumin (6% w/v) and human erythrocytes (Hct 10%) as a perfusate (16) . The osmolarity of the perfusate was 296.9+1.2 mosmol/L, as determined by freezing-point depression (Knauer Osmometer, Germany).
In brief, the perfusion of the kidney of male Sprague-Dawley rats (280-330 g body weight)
was performed in a recycling system. The animals were anaesthetized with 100 mg/kg of 5-ethyl-5-(1-methylbutyl)-2-thiobarbituric acid (TRAPANAL R , Altana Pharma, Germany).
After opening of the abdominal cavity, the right kidney was exposed and placed in a thermoregulated metal chamber. After intravenous heparin injection (2 U/g) the aorta was clamped distal to the right renal artery so that the perfusion of the right kidney was not disturbed during the following insertion of the perfusion cannula in the aorta distal to the clamp. After ligation of the large vessels branching off the abdominal aorta, a double-barreled perfusion cannula was inserted into the abdominal aorta and placed close to the aortic clamp distal to the origin of the right renal artery. After ligation of the aorta proximal to the right renal artery the aortic clamp was quickly removed and perfusion was started in situ with an initial flow rate of 8 ml/min. The right kidney was excised and perfusion at constant pressure (100 mmHg) was established. To this end the renal artery pressure was monitored through the inner part of the perfusion cannula (Statham Transducer P 10 EZ) and the pressure signal was used for feedback control of a peristaltic pump. The perfusion circuit was closed by draining the venous effluent via a metal cannula back into a reservoir (200-220 ml). Renal flow rate and perfusion pressure were continuously monitored by a potentiometric recorder. Stock solutions of the drugs (isoproterenol, bumetanide, angiotensin II, amlodipine, L-NAME, acetylcholine, DIDS, indomethacin) or of osmolytes to be tested were dissolved in freshly prepared perfusate and infused into the arterial limb of the perfusion circuit directly before the kidneys at 3 % of the rate of perfusate flow.
For determination of perfusate renin activity aliquots (about 0.1 ml) were drawn, if not otherwise indicated, in intervals of 2 minutes from the arterial limb of the circulation and the renal venous effluent, respectively. The samples were centrifuged at 1500 g for 15 min and the supernatants were stored at -20°C until assayed for renin activity. For determination of renin activity the perfusate samples were incubated for 1.5 h at 37°C with plasma from bilaterally nephrectomized male rats as renin substrate. The generated angiotensin I [ng/ml*h For demonstration of sufficient blockade of prostanoid formation by indomethacin, urinary prostaglandin E 2 (PGE 2 ) excretion was determined. To this end, the ureter of the isolated kidney was cannulated with a small polypropylene tube (PP-10) and urine was collected for two 5-min periods during the control period as well as after the administration of the COX inhibitor. Urine samples were stored on ice, and PGE 2 concentrations were determined by PGE 2 monoclonal enzyme immunoassay (Cayman Chemical, Ann Arbor, MI) immediately after the end of each experiment. PGE 2 excretion was calculated from the urine flow and the PGE 2 concentration.
The isolated perfused mouse kidney was done essentially as described above for rat kidneys, with the exception, that the perfusate was not recirculated. A more detailed description of the model is given in (19) . 7 All drugs used were purchased from Sigma Int.
Statistics:
Values are given as mean + SEM. For statistical analysis all values obtained within an experimental period were averaged, if not indicated otherwise. Differences between the experimental maneuvers were analyzed by ANOVA and Bonferoni's adjustment for multiple comparisons. P values less than 0.05 were considered statistically significant.
Results
To determine whether changes of osmolarity have an effect on renin secretion from isolated perfused rat kidneys at all, we tested the effects of increasing the osmolarity of the perfusate by the addition of 30mMol/L NaCl, Na-isethionate, choline-Cl or sugars (not shown). As shown in fig.1 To determine the temporal association between changes of osmolarity and of renin secretion more closely, venous effluent from isolated rat kidneys was sampled in 20 second intervals after addition of 30 mMol/L NaCl to the perfusate and renin activity and sodium concentration (flame photometry) were assayed in parallel. To make changes of renin secretion more prominent, the experiments were performed in the presence of isoproterenol.
As shown in fig.3 and ANG II (300pMol/L), where 30mMol/L NaCl produced a brief peak followed by a rather rapid normalization of renin secretion (average of last three values of NaCl period vs.
preceding period without NaCl: n.s.) ( fig.4 , lower panel).
Although the peaks of renin secretion elicited by hyperosmolar NaCl (30 mMol/L) were smaller in the presence of angiotensin II and were higher, when extracellular calcium was low, a correlation between peak secretion rates and steady state secretion rates revealed a common relationship for all the experimental maneuvers used to modulate steady state renin secretion ( fig.5 ). Thus, the peak secretion rates varied in parallel with steady state renin secretion rates prior to hyperosmotic challenge. The values in figure 5 are shown in a log-log plot in order to allow a display of renin secretion rates over a broad range. In addition, the log-log plot makes evident that the correlation between peak secretion and steady state secretion follows a curve that is nearly parallel to the unity line, indicating that peak secretion rates and steady state secretion rates are in a constant proportion. On average, peak secretion rates about 3.5-fold higher than steady state renin secretion rates.
To distinguish whether it was the absolute osmolarity or rather changes of osmolarity that influence renin secretion, the NaCl concentration in the perfusate was increased stepwise by 10mMol/L up to 50mMol/L. As shown in fig. 6 the peak increments of renin secretion upon the stepwise addition of NaCl became continuously smaller and there was no further increase of renin secretion after the last steps from +30 to +40 and to +50 mMol/L NaCl. Upon returning osmolarity to normal, renin secretion fell rapidly. A next increase of osmolarity by 50mMol/L NaCl stimulated renin secretion to higher values than the stepwise increase to +50mMol/L (p<0.001), suggesting that it was primarily the change of osmolarity rather than the absolute osmolarity that influenced renin secretion.
A similar conclusion was reached from experiments in which a reduction of osmolarity was achieved by switching to a perfusate containing 30mMol/L NaCl less than normal. Since renin secretion rates are rather low under control conditions and a reduction of osmolarity was supposed to suppress renin release, renin secretion was prestimulated by isoproterenol 10nMol/L ( fig.7) . Indeed, the reduction of osmolarity reduced the steady state renin secretion in the presence of isoproterenol from 45.7+2.9 to 24.7+1.8 ng angiotensinI / h per min*g ( fig.7 ) (p<0.05). Readdition of 30mMol/L NaCl, hereby normalizing perfusate osmolarity (osmolarity of perfusate after readdition of NaCl 297.6+2.1 mosmol/L; normal perfusate 296.9+1.2 mosmol/L) stimulated renin secretion rates to 124.0+10.4 ng angiotensinI / h per min*g and therefore above steady state renin secretion rates achieved with isoproterenol in normal perfusate (45.7+2.9 ng angiotensinI / h per min*g, p<0.001).
All together, these findings suggested that relative changes of osmolarity are more effective in determining renin secretion than the absolute value of osmolarity.
To assess the relevance of flow changes for the stimulatory effect of hyperosmolarity on renin and lower under L-NAME treatment (p<0.001) compared to control kidneys without pretreatment the relative increase of renin secretion did not differ between the treatments (control kidneys 3.1-fold, acetylcholine 2.85-fold, L-NAME 3.0-fold of baseline without NaCl), confirming that renin secretion in response to hyperosmolarity changes in parallel with steady state renin secretion prior to stimulation according to the curve shown in fig.5 . As a consequence of these data it appeared likely, that the effect of osmolarity on renin secretion does not essentially involve local intercellular signaling pathways and is therefore more direct at the level of the renin secreting cells.
Considering the decline of renin secretion after the initial peak raised the question as to whether this decline of renin secretion reflected a kind of cellular adaptation to prolonged exposure to hyperosmolarity such as a regulatory volume increase after a hyperosmotic shock.
The regulatory increase is mainly mediated by ion influx through the Na-K-2Cl cotransport system (11), which is abundantly expressed in renin secreting juxtaglomerular cells (14) or might involve swelling-activating chloride channels (27). Furthermore, these channels might be involved in the rapid decline of renin secretion observed after the stop of hyperosmolar NaCl. We therefore examined the effect of the Na-K-2Cl cotransport inhibitor bumetanide (100 µMol/L) or the chloride channel blocker DIDS (300µMol/L) on the response of renin secretion to hyperosmolarity. As shown in fig.10 bumetanide as well as DIDS both significantly stimulated renin secretion rates to the 2-fold of control (p<0.05 vs. control respectively), but did not influence the decline of renin secretion after the initial peak since the renin secretion rates reached plateau phases (6 and 8 minutes after the start of NaCl addition) that remained 2.1-fold elevated (for both bumetanide and DIDS) compared to the renin secretion rates prior to NaCl addition. The plateau phase of untreated control kidneys remained on the 2.4-fold of control (n.s. vs. DIDS or bumetanide treated kidneys).
Furthermore, neither bumetanide nor DIDS prevented the rapid normalization of renin secretion rates after the stop of NaCl administration.
We next considered the possibility that the decline of renin secretion after the initial peak could reflect an exhaustion of renin storage granules. To prevent cellular adaptation to continuous hyperosmolarity we exposed the kidneys to a series of hyperosmotic pulses lasting for 4 minutes followed by 2 minutes periods of normal osmolarity. As shown in figure 11 (upper panel, closed squares), those repetitive hyperosmotic pulses produced a decline of renin secretion with a time course that was not different to that seen with continuous hyperosmotic NaCl infusion (open circles), suggesting again that cellular adaptation to hyperosmolarity is not the major reason for the characteristic time course of renin secretion during prolonged hyperosmolarity .
followed by 4 minutes periods of normal osmolarity was applied, then the decline of renin secretion was obviously protracted ( fig.11 , lower panel, closed circles), since the peak renin secretion rates remained significantly elevated compared to the respective time controls of continuous hyperosmolar NaCl infusion, suggesting that a recovery period of somewhat more than 2 minutes is required to maintain a constant response of renin secretion to repetitive pulses of hyperosmolarity.
Discussion
Our study shows that changes of extracellular osmolarity regardless whether they are brought about by ions or by sugars are powerful modulators of renin secretion from whole kidneys, in the way that an increase of omolarity increases renin secretion whilst a decrease of osmolarity lowers renin secretion. We are aware that these highly reproducible and species independent effects are at odds with a number of in vitro studies showing that a decrease rather than an increase of osmolarity stimulates renin secretion from kidney slices, isolated glomeruli (3, 5-7), and cultured juxtaglomerular cells (4, 17) . However, our findings are in full accordance with a previous study performed in dogs showing that acute increases of renal plasma osmolarity enhance renin secretion (29). That study described an instantaneous about threefold increase of renin secretion due to increases of renal plasma omolarity of 30-50 mosmol/L, independent of the osmolyte used.
All of these characteristics were also seen in our study on isolated perfused mouse and rat kidneys. Moreover, Young and Rostorfer (28) described a rebound of renin secretion upon normalization of osmolarity and they reported an increase of perfusion in response to hyperosmolarity, as also seen in our study. In addition, recently Toma et al. (25) provided evidence that hyperosmotic sugars stimulate renin secretion from isolated perfused juxtaglomerular apparatuses. Thus, apparently the effects of osmolarity changes on renin secretion depend on the experimental model used. The inhibitory influence of osmolarity on renin secretion is seen even in permeabilized cells, suggesting an osmotic effect on renin storage granules itself. In fact, it has been reported that a decrease of osmolarity directly stimulates renin release from a renin vesicle preparation (20) . One may speculate therefore that in isolated, non perfused preparations, in which a physiological interstitial pressure and wall tension are not defined, an osmotic effect on storage vesicles becomes predominant.
Under more physiological settings such as in the perfused kidney, in which renin producing cells are under wall stress, increases of osmolarity stimulate renin secretion.
Our data show that renin secretion stimulated by hyperosmolarity is sensitive to changes of osmolarity rather than to the absolute osmolarity itself, suggesting an involvement of cell volume changes. In fact, it is known that osmolarity influences renal vascular resistance secondarily to changes of cells volume, in the way that hypoosmolarity induced cells swelling increases electrical and mechanical activity of vascular smooth muscle and vice versa (8, 27) , We are aware that this comparison is somewhat hampered by the fact, that in our experiments we measure the sum of the secretory behavior of ten-thousands of cells instead of a single or a small group cells. In any case, the constant relation between peak secretion rates and steady state secretion rates suggests that only about 30% of the vesicles or vesicle content ready for secretion actually undergo exocytosis. It should be noted that this proportion remains constant regardless, whether cAMP or calcium are high or low in the renin secreting cells.
A common feature of readily releasable pool of vesicles in different secretory cells is that it can be exhausted and can be refilled (1, 13, 15, 22) . Our data also suggest that renin secretion stimulated by hyperosmolarity can be exhausted and that its complete reestablishment takes a few minutes.
Given that the stimulation of renin secretion evoked by hyperosmolarity reflects the existence of a readily releasable pool of renin secretory vesicles, then the constant proportion between steady state renin secretion and the osmotic excitable renin secretion would suggest that the pool size of committed vesicles itself rather than a final maturation of committed vesicles determines the secretion rate of renin from JGE cells.
If so, then the low renin secretion rates in presence of angiotensin II should be attributed to a small pool of readily releasable vesicles, whilst in the presence of isoproterenol, which activates the cAMP signaling cascade, the pool is larger. It is thought that readily releasable vesicles are already functionally docked to the plasma membranes (1, 13, 15, 22) . Comparison of the effects of graded increases (+10 mMol/L steps) of hyperosmolar sodium chloride to a final concentration of 50 mMol/L with a single step increase of osmolarity.
Data are means +/-SEM of 5 experiments. * p<0.05: peak value vs. last value of preceding period. # p<0.001: peak value vs. last value of preceding period. § p<0.001: peak value vs.
peak value of stepwise increase to 50mMol/l NaCl. 
